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ABSTRACT
Neuroimmune-Mediated Alcohol Effects on
Ventral Tegmental Area Microglia and
Infiltrating Leukocytes
Travis Jonathan Clarke
Neuroscience Center, BYU
Master of Science
Microglia are the primary immune cell in the central nervous system and are known as the
“resident” macrophages in the central nervous system (CNS). While microglia are classically
known as the immune cells of the CNS, their role has more recently been shown to extend far
beyond immunity. The effects of ethanol on the brain are closely linked to neuroimmune
responses mediated by microglia that are present in the healthy brain from the time of
development. Though microglia have been classified as the “resident” immune cells of the
CNS, new research suggests that other immune cells may be implicated in the immune
response. Normally, the blood-brain barrier (BBB) prevents the infiltration of cells and
foreign pathogens from crossing from the periphery into the CNS. However, peripheral
monocytes are known to infiltrate the CNS in response to seizures, traumatic brain injury,
infection, and multiple sclerosis. Whether or not these cells engraft and become microglia is
still a topic of debate. The aim of this study was to determine the effect of acute ethanol on
microglia activation and monocyte infiltration into the CNS. We hypothesized that acute
EtOH would lead to an increase in neuroinflammation by activating “resident” microglia to an
inflammatory polarization and induce the infiltration of macrophages across the BBB. Using
the Macrophage FAS-Induced Apoptosis (MaFIA) mouse model (GFP+ on Csf1r promoter),
fluorescent microscopy, and flow cytometry we assessed the presence and phenotype of
microglia and infiltrating macrophages following 1, 2, and 4 g/kg ethanol at .5, 1, and 2 hours
post-injection. By measuring volume/surface area of microglia in the VTA and NAc
following EtOH, we found that EtOH caused microglia activation in these areas, and that the
microglia are shifting toward an M1 polarization. However, some of our findings were
counter to our hypothesis. We found that EtOH, decreases the number of infiltrating
monocytes in the VTA and NAc. It is possible that other cells like T and B cells are recruited
across the BBB. These findings suggest a neuroimmune connection for acute ethanol use and
challenge the dogma that ethanol has exclusively central effects on DA neuronal activity and
release. Further research is being performed to examine the implications of this effect, and
what effects a conditional knockdown of monocytes has on ethanol intoxication and reward.
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Neuroimmune-Mediated Alcohol Effects on Ventral Tegmental Area Microglia and
Infiltrating Leukocytes
Negative Impact of Alcohol Use Disorders
Alcohol use disorder (AUD) is the fourth leading preventable cause of death in the United
States (Stahre, Roeber, Kanny, Brewer, &s Zhang, 2014). The underlying neural circuitry, as
well as the various modulatory system interactions involved in AUD and addiction, are still
unknown. Additional information about the neurophysiology of AUD is needed to develop
better treatments that can help both recovering addicts and new users.
Ethanol Effects on Mesolimbic Circuitry
The mesolimbic DA system originating in the ventral tegmental area (VTA) and projecting
to the nucleus accumbens (NAc) area of the striatum forms the neural pathway for reward,
pleasure, and motivation (Wise, 2008). Ventral tegmental area DA neurons are regulated by
local circuit inhibitory γ-aminobutyric acid (GABA) neurons and by GABA, glutamate
(GLU) afferents from other brain regions. Ethanol (EtOH) alters GABAergic transmission
onto DA neurons, providing evidence that they play a critical role in its rewarding properties
(Gallegos, Criado, Lee, Henriksen, & Steffensen, 1999; Theile, Morikawa, Gonzales, &
Morrisett, 2011). The prevailing dogma regarding EtOH effects in the brain is that synaptic
transmission is depressed by acute doses of EtOH (Ariwodola et al., 2003; Bloom et al., 1984;
Deitrich, Dunwiddie, Harris, & Erwin, 1989; Shefner, 1990; Siggins et al., 1987), which
might result from either an attenuation of excitatory GLUergic (Lovinger, White, & Weight,
1989, 1990; Nie, Yuan, Madamba, & Siggins, 1993; Roberto et al., 2004; White, Lovinger, &
Weight, 1990) and/or an enhancement of inhibitory GABAergic synaptic transmission
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(Deitrich et al., 1989; Harris & Allan, 1989; Roberto, Madamba, Moore, Tallent, & Siggins,
2003).
Microglia and the Innate Immune System of the CNS
Microglia are the primary immune cell in the central nervous system (CNS) and are known
as the “resident” macrophages (Lawson, Perry, & Gordon, 1992). Recently, microglia have
been shown to be derived from yolk sac progenitors that invade the embryo at embryonic day
E9.5 and E10.5 (Gomez Perdiguero, Schulz, & Geissmann, 2013). While microglia where
first characterized by del Rio-Hortega, their role has more recently been shown to extend far
beyond immunity. In fact, microglia have been shown to shape the development of the
nervous system through synaptic pruning (Paolicelli et al., 2011) and have been implicated in
a variety of neurodegenerative diseases such as Alzheimer’s disease (Solito & Sastre, 2012)
and multiple sclerosis (Jack, Ruffini, Bar-Or, & Antel, 2005). While microglia have a variety
of roles in the CNS, their function is largely determined by their phenotype and polarization
state. Microglia can generally be categorized into two types: M1 phenotype and M2
phenotype (Tang & Le, 2016). M1 microglia are characterized as expressing inflammatory
cytokines and cell surface markers such as CD14, and they are often referred to as the
“classically activated” microglia phenotype (Walker & Lue, 2015). Due to their response to
LPS and IFN-γ, M1 microglia are associated with the first line of defense of the innate
immune system and are therefore key players in the CNS inflammatory response (Orihuela,
McPherson, & Harry, 2016). On the other hand, M2 microglia play a role in allergy response,
parasite clearance, inflammatory dampening, tissue remodeling, angiogenesis,
immunoregulation and tumor promotion (Sica & Mantovani, 2012). Though there are a
variety of subclasses of M2 microglia, they all work together to calm the inflammatory
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response via anti-inflammatory cytokines that help to reestablish homeostasis following an
immune response (Gordon, 2003).
Peripheral Neuroimmune Interactions with the CNS
Though microglia have been classified as the “resident” immune cells of the CNS, new
research suggests that other immune cells may be implicated in the immune response.
Normally, the blood-brain barrier (BBB) prevents the infiltration of cells and foreign
pathogens into the CNS. The BBB is composed of endothelial cells, astrocyte end-feet, and
pericytes with tight junctions forming a diffusion barrier between the cells (Ballabh, Braun, &
Nedergaard, 2004). However, monocyte chemoattractant protein-1(MCP-1) has been found to
temporarily disrupt the BBB during the response to neuroinflammation (Yao & Tsirka,
2014), and MCP-1 has also been found at elevated levels in the alcoholic brain (He & Crews,
2008). Furthermore, activated leukocyte cell adhesion molecule (ALCAM or CD166) has
been proposed to mediate the extravasation of monocytes across the BBB (Lyck et al., 2017).
Peripheral monocytes are known to infiltrate the CNS in response to seizures (Varvel et al.,
2016), traumatic brain injury (Jeong, Ji, Min, & Joe, 2013), infection (Djukic et al., 2006),
and multiple sclerosis (Ajami, Bennett, Krieger, McNagny, & Rossi, 2011). Whether or not
these cells engraft and become microglia is still a topic of debate. Nevertheless, infiltrating
monocytes have the potential to have modulatory effects through the release of cytokines and
brain-derived neurotrophic factor [BDNF; (Kerschensteiner et al., 1999)].
Ethanol Neuroimmune Interactions
The effects of EtOH on the brain are closely linked to neuroimmune responses mediated
by microglia that are present in the healthy brain from the time of development. Figure 1
summarizes some of the neuroimmune effects of EtOH. Chronic or intermittent exposure to
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EtOH can lead to sensitization, or partial
activation, of microglia through the
upregulation of toll-like receptors
(TLRs), priming them for further
activation (Alfonso-Loeches & Guerri,
2011). Toll-like receptor 4 (TLR4), in
particular, has been shown to be integral
to microglial activation by LPS and
alcohol (Bajo et al., 2016). In addition to
direct effects on microglia, EtOH affects
gut permeability to endotoxins such as
LPS (Purohit et al., 2008). This pathway
can then lead to activation of central and
peripheral macrophages and microglia as
well as other effector sites such as liver
macrophages and Kupfer cells that
release cytokines such as IL-6, TNF-α,

Figure 1: Neuroimmune Effects of EtOH
A proposed model for EtOH neuroimmune
interactions. EtOH increases gut wall permeability to
endotoxins such as LPS secreted by gut microbiota.
LPS causes liver kupfer cells to release cytokines,
and LPS, EtOH and cytokines have central effects
on the user.

MCP-1 and IL-1β (Petrasek, Mandrekar,
& Szabo, 2010). Peripheral blood monocytes also release these inflammatory cytokines in
response to LPS and EtOH, indicating that this is an additional source of inflammation. Other
research suggests that the BBB has transporters for cytokines and that these may molecules
contribute to neuroinflammation (Banks, 2005; Banks, Kastin, & Broadwell, 1995).
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Different phenotypes of microglial activation may occur depending on the extent and
duration of EtOH exposure. Some studies show an M2 phenotype following acute binge
EtOH exposure and an M1 response after chronic EtOH exposure (Chastain & Sarkar, 2014;
Marshall et al., 2013; Zhao et al., 2013), suggesting that microglia adopt different phenotypes
upon exposure to EtOH (Graeber, 2010). There is evidence of increased microglia expression
in the VTA and NAc in human post-mortem alcoholics (He & Crews, 2008). These findings
suggest that neuroimmune activation alters the mesolimbic DA system and perhaps helps
influence the pathology of addiction.

Figure 2: Proposed Model.
In the ethanol-Naive condition, DA neurons in the VTA project to the NAc via the medial forebrain
bundle. The DA neurons are inhibited locally by VTA GABA neurons as well as indirect feedback
circuitry from the NAc and other brain regions. In the ethanol Intoxicated condition, the model proposes
the interaction between peripheral monocytes and brain microglia. This signals ethanol intoxication and
reward.

Proposed Model
The purpose of this project is to investigate the neuroimmune interactions of the innate
immune system following an acute injection of EtOH. More specifically, the activation and
interaction of peripheral blood mononuclear cells (PBMCs) and CNS microglia are
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investigated. Our model posits that EtOH causes PMBC infiltration of the blood-brain barrier
and activation of mesolimbic microglia (Fig. 2).
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Methods
Animal Subjects
C57BL/6-Tg(Csf1r-EGFP-NGFR/FKBP1A/TNFRSF6)2Bck/J(MaFIA) mice (Burnett et
al., 2004) and C57BL/6J mice were bred and cared for in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. For each methodology
to be employed, animals were treated in strict accordance with the Brigham Young University
(BYU) Animal Research Committee (IACUC) guidelines, which incorporate and exceed
current NIH guidelines. The BYU IACUC reviewed and approved the procedures detailed
herein. Once weaned at PND 21, all mice were housed in maximum groups of five and given
ad libitum access to solid food and water and placed on a reverse light/dark cycle with lights
ON from 8 PM to 8 AM. Any mice used in injection experiments were anesthetized with 4%
isoflurane and injected IP with a sterile needle. Animals were returned to their home cages 30
minutes following the injection.
Preparation of Brain Slices for Imaging
Animals were anesthetized in 4% isoflurane then underwent transcardial perfusion with
4% paraformaldehyde (PFA). Once perfused, brains were carefully removed and placed in 4%
PFA for at least 24 hrs to facilitate continued fixation. After incubation in PFA, brains were
placed in a solution of 30% sucrose in phosphate buffered saline (PBS) until the density of the
brain matched that of the solution and the brains dropped to the bottom of the vial (~24-48
hrs). Brains were then flash frozen in dry ice and mounted on a cold microtome stage.
Targeting the VTA and NAc, brains were sliced at 40 μm and slices were placed in
cryoprotectant (30% ethylene glycol, 30% sucrose, 0.00002% sodium azide, in 0.1 M PBS)
and kept at -20°C until mounting. To mount slides, sections were placed on microscope slides
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and dried for ~5 minutes. Once dried, a drop of vectashield (Vector Laboratories) was placed
on the tissue, and a coverslip was placed on the slide. Slides were allowed to set overnight,
and then were kept at 4°C until imaging.
Isolation of Brain Microglia and PBMCs
Following anesthetization of mice with isoflurane, animals underwent transcardial
perfusion with ice cold PBS. Once perfused, brains were carefully removed from the skull and
placed in ice cold PBS and glued to a cutting stage. Targeting the NAc and VTA, horizontal
slices (1 mm thick) were placed in an incubation chamber container containing PBS. Tissue
dissections of appropriate brain regions were then extracted from the slices and transferred
into 1.5 ml microcentrifuge tubes containing Roswell Park Memorial Institute medium
(RPMI). The tissue was then ground in a 7 ml Dounce homogenizer containing 3.5 ml RPMI
until the suspension was homogenous and RPMI was added to the suspension until the
volume was 7 mL. Once homogenous, 3 ml 100% Percoll was added to the solution to create
a final Percoll concentration of 30%. Homogenates were then carefully layered above a 3 ml
solution of 70% Percoll in 15 ml conical tubes. Following layering, the samples were
centrifuged for 30 min at 600g with no brake. The different densities of the solutions caused
the single cells (PBMCs and microglia) to move to the interphase between the 70% and 30%
layers. The myelin and other debris were then carefully removed from the upper ~6 ml of
solution, and the middle ~2 ml of interphase were extracted and transferred to 5 ml round
bottom polystyrene tubes (FACS tubes) and stored at 4°C.
Confocal Microscopy and Analysis
An Olympus FluoView FV1000 confocal microscope was used to image mounted slices.
Brain slices were mounted on microscope slides and imaged under oil immersion at 40X
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magnification. A z-step size of 1 μm was used to satisfy Nyquist requirements. To ensure
consistent readings between samples, a constant PMT voltage and gain were used between all
acquired images.
Once images were acquired, they were loaded into the image analysis program FIJI
(Schindelin et al., 2012). Images were then thresholded using the yen algorithm on all slices.
Following thresholding, the images were rendered in 3D, and we used the BoneJ particle
analyzer to create meshes around each of the cells (Doube et al., 2010). The surface area and
enclosed volume were then measured. To determine activation state, the ratio of microglial
volume to the surface area was determined. An increase in this ratio is indicative of activation.
Macrophage Transplant
To extract MaFIA mouse GFP+ peritoneal macrophages, a postmortem peritoneal lavage
was performed. Quickly following CO2 euthanasia, animals were mounted on Styrofoam
blocks and secured in place. The abdominal skin was then cut away while ensuring that the
peritoneum remained intact. Once the peritoneum was exposed, a 27-gauge needle was
inserted slowly into the peritoneum, and 5 ml of ice-cold PBS was injected into the area. The
peritoneum was then thoroughly massaged to dislodge peritoneal macrophages into the
injectate. Injectate was then removed from the peritoneum using a syringe with a 25-gauge
needle on the most lateral section of the peritoneum. The solution was then centrifuged at
3000 rpm for 7 minutes to extract the cells.
Following extraction, MaFIA macrophages were resuspended in ~100 μl PBS, and the
solution was then injected into C57BL/6J mice via the lateral tail vein. Tail vein injections
were performed under 4% isoflurane anesthesia. The mice were restrained in a custom
restrainer, and their tail was placed in a warm water bath (40°C) for ~5 minutes to allow for
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vasodilation to occur. Once the tail veins were dilated, a syringe containing the macrophage
injectate with a 27-gauge needle was used to slowly inject the macrophages into the animal.
Flow Cytometry
PBMCs and microglia were analyzed using the Beckman Coulter Cytoflex flow cytometer
in the BYU research instrumentation core (RIC) facility. This flow cytometer has 4 lasers and
allows for up to 11 channels of analysis. Fluorophores were selected because of their lack of
spectral overlap. However, because some spectral overlap occurs, single and unstained
controls were run in C57BL6/J mice and used to compensate the samples. Once samples were
acquired in the flow cytometer, files were analyzed using FlowJo V10 flow cytometry
software.
Statistical Analysis
A simple one-way ANOVA was used to compare group means in microscopy and flow
cytometry. To adjust for multiple comparisons, a Dunnett’s posthoc test was used to compare
groups to control groups. The statistical program R v3.5.0 was used to analyze microscopy
data, and JMP13 was used to for analysis of flow cytometry data.

NEUROIMMUNE-MEDIATED ALCOHOL EFFECTS
Results
Acute Ethanol Leads to the Activation of Mesolimbic Microglia
While other studies have investigated the chronic effects of EtOH on microglia
activation and phenotype, no one has investigated the effects of acute EtOH. Postmortem

Figure 3: Image Processing.
All slides were imaged targeting the middle 18 µm of the slice. (A) A sample z projection of MaFIA
microglia taken by the microscope. (B) Image thresholded using the yen thresholding algorithm (C) Z
projection of the meshes surrounding each of the glia.
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studies have indicated an increase
in microglial activation markers
such as IBA-1 and GLUT-5 in
chronic EtOH drinkers (He &
Crews, 2008). To better
understand EtOH’s effect on
microglial activation, we injected
MaFIA mice with three different
doses of EtOH. We simulated
mildly intoxicating drinking with
a 1 g/kg dose of EtOH, moderate
drinking with a 2 g/kg dose and
binge drinking with a 4 g/kg dose
of EtOH. We injected animals
with one of these three doses and
allowed recovery for 0.25, 0.5, 1
or 2 hours post-injection. Animals
were then sacrificed via
transcardial perfusion with 4%

Figure 4: Microglia Activation Dose Response.
Microglia in the NAc and the VTA are activated by EtOH. (A) Ethanol
increased the Volume/Surface area of NAc microglia with the greatest
significance at 1 and 2 hours. (B) EtOH increased Volume/Surface
area of VTA microglia with greatest significance at 0.5, 1 and 2 hours.

PFA, and their brains were sliced and targeting the NAc and the VTA. Using a confocal
microscope, we then imaged the middle 18 µm of the slice. Images were a sequence of 18
images separated by 1 µm. Following acquisition, we thresholded images, rendered them in 3
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dimensions, and created meshes around each of the cells to quantify surface area and enclosed
volume (Fig. 3).
Activated microglia exhibit a distinct difference in morphology. Activated microglia
will retract their processes and have an enlarged cell body. To measure activation, we
calculated the ratio of volume to the surface for each cell. Acute EtOH increased microglial
activation in both the NAc (Fig. 4A) and the VTA (Fig. 4B) in a time and dose-dependent
manner. In the NAc, the different doses of EtOH showed different amounts of activation at 1
hour [F(2,245)=3.7175, p=0.02568; Fig. 4A] and at 2 hours [F(2,190)=4.7511, p=0.01306;
Fig. 4B]. However, the VTA showed differences in activation morphology beginning at 15
min post-exposure [F(2,389)=5.3053, p=0.005331; Fig. 4B], and this dose-dependent effect
continued at 1 hour [F(2,203)=7.1436, p=0.001004; Fig. 4B] and at 2 hours [F(2,189)=9.6667,
p=0.0001024; Fig. 4B] .
Intraperitoneal administration of EtOH induced maximal activation of microglia in the
NAc (Fig. 5A) and VTA (Fig. 5B) at different times post-injection, depending on the dose.
Low dose EtOH (1 g/kg) significantly increased microglia activation in the NAc
[F(4,532)=6.663, p<0.001; Fig. 5A], but it did not affect activation in the VTA (Fig. 5D).
Moderate dose EtOH (2 g/kg) significantly increased microglia activation in the NAc
[F(4,492)= 4.6869, p=0.001014; Fig. 5B], and the VTA [F(4, 426)= 4.6869, p<0.001; Fig.
5E], and high dose EtOH (4 g/kg) increased activation in the NAc [F(4, 236)= 2.8814, p=
0.02339; Fig. 5C] and the VTA [F(4, 246)=4.5274, p=0.001514; Fig. 5F]. Together, these
data suggest that acute EtOH induces microglia activation in both the VTA and NAc.
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Acute Ethanol Changes Microglia Polarization
Because microglia can polarize into distinct polarization states with different functions, we
investigated the microglial polarization response to acute doses of EtOH. To accomplish this,

Figure 5: Microglia Activation Compared to Control.
(A) 1 g/kg IP EtOH significantly increases activation in the NAc at 0.5 and 1 hours post injection (B) 2 g/kg
IP EtOH significantly increases activation in the NAc at 0.5 and 2 hours post injection (C) 4 g/kg IP EtOH
significantly increases activation in the NAc at 2 hours post injection (D) 1 g/kg IP EtOH dose not
significantly increases activation in the VTA (E) 2 g/kg IP EtOH significantly increases activation in the
VTA 2 hours post injection (F) 4 g/kg IP EtOH significantly increases activation in the VTA at 1 hours post
injection.

we again injected MaFIA mice with 1, 2, or 4 g/kg IP EtOH. Because we saw the greatest
difference between 1g/kg groups at 2 hours, we sacrificed animals receiving 1 g/kg at 2 hours
post-injection, and because the greatest difference between groups for 2 and 4 g/kg doses at 1
hour, we sacrificed animals receiving 2 and 4 g/kg animals at 1 hour post-injection. We then
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perfused animals
with saline and
homogenized their
brains. Using a
Percoll gradient, we
separated the
homogenate into
debris and single
cells, and we
carefully removed
microglia from the
interphase. We then
stained the extracted
microglia with
antibodies targeting
CD40 (an M1
microglia marker),
CD11b (an M2
microglia marker)
and CD45 (the pan-

Figure 6: Microglia Phenotype in Response to Acute EtOH.
(A) A representative histogram representation of CD11b MFI between Saline,
1 g/kg, 2 g/kg and 4 g/kg. (B-C) Ethanol significantly decreases CD11b
expression in both the NAc and VTA; most significantly at 2 g/kg. (D-E)
Ethanol significantly increases CD11b expression in both the NAc and VTA;
most significantly at 2 g/kg.

leukocyte marker) and analyzed samples in the CytoFlex flow cytometer (Fig. 6). Samples
were then gated to exclude doublets and debris, and the mean fluorescent intensity (MFI) was
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measured on the CD40 and CD11b channel to assess the type of M1 and M2 polarization (Fig.
6A).
IP injections of EtOH significantly affected microglia polarization in both the NAc and
VTA (Fig. 6). In the NAc, acute injection
significantly decreased CD11b expression
[F(3, 9)=6.7601, p= 0.0111; Fig. 6B] and
significantly increased CD40 expression
[F(3, 9)=8.1864, p= 0.0061; Fig. 6C]. In the
VTA, EtOH significantly decreased CD11b
expression [F(3, 10)=4.3309, p= 0.0336;
Fig. 6D] and significantly increased CD40
Figure 7: Comparison of CD40 and CD11b MFI
A scatterplot comparison of M1 marker CD40 and M2
marker CD11b showing a negative correlation between
MFI of the two proteins.

expression [F(3, 10)=4.4450, p= 0.0313;
Fig. 6E]. To further elucidate what dose of

EtOH was most effective in promoting the M1 polarization of mesolimbic microglia, we
performed a Dunnett’s posthoc analysis on the data, and we found that 2 g/kg EtOH
significantly reduced NAc microglia CD11b expression (p=0.0027) and increased CD40
expression (p=0.0067) compared to saline controls. 2 g/kg was the most effective dose to
illicit the change in VTA CD11b (p=0.0123) and CD40 (p=0.129) expression. To ensure that
the effect was not an artifact of the staining or autofluorescence, we compared CD11b and
CD40 fluorescence intensities for each cell, and we found that CD11b and CD40 were
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negatively correlated (Fig. 7, -0.659). This suggests that acute EtOH, especially at 2 g/kg
could be causing microglia to polarize toward an inflammatory phenotype.
Acute Ethanol Causes Infiltration of Macrophages Across the BBB
Though microglia are known classically as the “resident” immune cells of the CNS, other
immune cells such as leukocytes and macrophages are also present in smaller numbers. To
investigate EtOH’s effect on monocytes and blood-derived macrophages in the CNS, we
injected MaFIA mice with 1, 2, or 4 g/kg doses of EtOH, and sacrificed each animal at 2
hours, 1 hour or 1 hour post-injection. Like previous experiments, we dissected the VTA and

Figure 8: Flow Cytometry Analysis
The gating scheme for finding macrophage derived macrophages. Cells that were
GFP+/CD45hi/CD11bhi were considered MDM

NAc from 1 mm brain slices and homogenized the tissue. Following homogenization, we
separated the microglia and PBMCs using Percoll density gradient and stained for CD45 and
CD11b. The monocyte-derived macrophages were then identified as the
GFP+/CD11bhi/CD45hi group (Fig. 8). The different doses of EtOH showed varying effects
on MDM populations in the VTA and NAc. Surprisingly, while not significant, EtOH reduced
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the ratio of MDM to microglia in the NAc [F(3, 9)=2.7584, p= 0.1040; Fig. 9A]. This effect
was most pronounced at 2 g/kg, but 4 and 1 g/kg also showed slight decreases (Fig. 8A). In
addition, EtOH significantly decreased MDM/Microglia in the VTA [F(3, 10)=5.7179, p=
0.0153; Fig. 9B]. Similar to the NAc, the effect was greatest at 2 g/kg.
To further investigate the presence of
blood-derived MDM, we performed the
experiment outlined in Figure 10. First, we
performed a lavage on adult female
MaFIA mice to extract peritoneal
macrophages. Following the lavage, we
injected the peritoneal macrophages into
wild-type C57BL/6J mice via the lateral
tail vein, and we then injected the animals
with one of the doses of EtOH previously
described. Once the animals had recovered
for 1 hour, we perfused them with 1x PBS
to clear all blood from the CNS. We then
extracted and homogenized the brains and
isolated the
Figure 9: MDM Infiltration.
(A) 2 g/kg EtOH produces a trend toward a decrease
in MDM/Microglia in the NAc. (B) Both 2 and 4
g/kg EtOH reduce the presence of MDM in the VTA.
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Figure 10: Macrophage Transplant Experiment.
A diagram of the macrophage transplant experiment. First, MaFIA mice underwent a peritoneal lavage to
remove macrophages. Second, MaFIA macrophages were injected into C56BL/6J mice tail veins and EtOH
was injected at 1, 2, and 4 g/kg doses. Third, mouse brains were homogenized and brain PBMCs were
isolated. Finally, the resulting fraction was analyzed using a flow cytometer.

CNS macrophages and microglia. Using flow
cytometry, we then analyzed the fluorescent
cells. Because the injected macrophages were
GFP+, we first located macrophages using
forward and side scatter, then assessed both the
percent of cells that were GFP+ as well as the
mean fluorescence intensity. Consistent with our
earlier experiment (Fig. 9), EtOH significantly
decreased the size of the MDM population (Fig.
11). Both MFI [F(3, 4)=21.8279, p=0.0061; Fig.
11A] and percent infiltration [F(3, 4)=36.1556,
p= 0.0023; Fig. 10B] were significantly different
between groups. This effect followed a very clear

Figure 11: Infiltration of MaFIA
Macrophages.
(A) EtOH significantly decreased the GFP
MFI in transplant mice brains (B) EtOH
significantly decreased % GFP+ PBMCs in
the brain.
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dose-dependent trend. Though this is surprising, this change is consistent between multiple
different metrics of measurement and the effect size is large. Thus, a decrease in infiltrating
monocytes into the CNS by ethanol was counter to our hypothesis.
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Discussion
Ethanol Effects on Microglia
Chronic exposure to EtOH leads to the partial activation of microglia in the hippocampus
(Cruz, Meireles, & Silva, 2017). Acute EtOH also leads to increased brain and serum levels of
inflammatory cytokines such as (TNFα, MCP-1, IL-1β) in response to LPS, suggesting that a
pro-inflammatory response often follows EtOH intake (Qin et al., 2008). Others have shown
that inflammatory cytokines will affect the firing of neurons throughout the brain (Clarkson,
Kahoud, McCarthy, & Howe, 2017). Therefore, a potential pathway of EtOH’s neuroimmune
effects is evident.
Our study takes this effect one step further by looking at the acute effects of EtOH in an
EtOH-naïve animal. We found that EtOH increases the activation of microglia in the brain at
relatively low doses. In addition to the confirmation of activation, we have been able to show
that this effect is more prevalent in VTA than the NAc, suggesting that future studies should
look at region-specific differences as well. These differences would suggest that activation, as
well as BBB permeability due to LPS, may be region dependent. In fact, LPS has been shown
to disrupt the BBB differently depending on the region, and both the midbrain and the
striatum are susceptible to this disruption (Banks et al., 2015). Therefore, peripheral release of
endotoxin from the gut by EtOH could be influencing the VTA and NAc.
As an additional refinement on this method, we decided to examine the polarization state
of the microglia of interest. It has been well established that microglia polarization has a large
effect cell function and cell metabolism. M1 polarization is normally associated with the
phagocytosis of pathogens as well as damaged tissue, and M2 polarization is associated with
tissue repair (Tang & Le, 2016). However, both states will present with similar morphological
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changes. Therefore, it is important to test for polarization when assessing the effect of
microglia activation. Consistent with the hypothesis of LPS induced activation, mesolimbic
microglia are shifted toward an M1 activation state following acute EtOH. M1 macrophages
release inflammatory cytokines such as TNFα, MCP-1, IL-1β, and IL-6 in response to LPS
and other noxious stimuli, and these cytokines may be responsible for acute or long-term
effects of EtOH exposure. Therefore, these cytokines may be useful targets for future
treatments as well.
Though the effects on microglia activation and polarization are robust, it is interesting that
the shift toward pro-inflammatory phenotype was only seen at the 2 g/kg dose. Because EtOH
has many targets of action, it often doesn’t follow a standard dose-response curve, and its
effects follow a different time course depending on the dose. Therefore, it is possible that the
time that we sacrificed the animal following exposure, the microglia were experiencing
maximal activation, and the other doses may have their effects before or after the sacrifice
time. Additionally, we only had two animals in the 2 g/kg-2 hour group, so it is possible that
the activation trend could continue if we had more power in that group.
Ethanol Effects on Infiltrating Macrophages
Though the primary immune cells of the CNS are microglia, other myeloid cells such as
MDMs often accompany inflammation (Yin, Valin, Dixon, & Leavenworth, 2017). CNS
macrophages exhibit many different functions within the CNS, including the clearing of
debris and regulating neuronal firing. Often, these macrophages express chemokine receptors
and integrins that influence the positioning of microglia throughout the CNS (Nayak, Roth, &
McGavern, 2014). Chronic drug use has been linked to the increased pathogenesis of HIVrelated CNS diseases because chronic drug use may induce infiltration HIV-infected
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macrophages across the BBB. Additionally, chronic EtOH is linked to the activation of tissue
macrophages (Wickramasinghe, 1987). Therefore, a relationship between EtOH and MDM
could be suggestive of a neuroimmunomodulatory effect.
Although EtOH has clear central effects on brain microglia, strong evidence suggests that
EtOH has peripheral effects on circulating monocytes and tissue macrophages. It is interesting
to note that though there is an increased expression of inflammatory microglia phenotype
markers in EtOH injected animals, MDM are found in fewer numbers in the brain. This is
dogma-challenging and unprecedented in the field. However, it is not directly contradictory to
the field because only chronic EtOH has been shown to influence macrophage infiltration. It
is possible that acute EtOH causes this temporary decrease in macrophage infiltration across
the BBB, and during withdrawal and chronic states, the opponent process is manifest. It is
also possible that alcohol-induced activation of macrophages causes the macrophages to
infiltrate other tissues such as the liver or gut and prevents infiltration of the BBB. However,
once the initial EtOH insult has been mitigated, the macrophages will infiltrate and lead to
withdrawal.
Summary and Future Directions
Together, these data suggest that there is a strong neuroimmune component to the body’s
reaction to EtOH. Using microscopy, we found that low dose acute EtOH will activate
microglia in both the VTA and the NAc. Once we had identified that microglia were
activating in response to EtOH, we investigated the polarization state of these activated
microglia by staining for CD40 and CD11b, and we found that microglia were polarizing to
an M1 pro-inflammatory phenotype. To assess the effect of EtOH on other CNS
macrophages, we performed two experiments: a MaFIA mouse macrophage transplant and a
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flow cytometric analysis of CD11b and CD45. Interestingly and counter to our initial
hypothesis, we found that CNS macrophages were present in decreased numbers following
acute EtOH exposure. Therefore, it possible that other immune cells may be infiltrating
through the BBB and this warrants future research into the infiltrating immune cells.
Microglia and macrophages are a unique and novel target for potential AUD treatments.
Further experimentation is required to examine what is happening during withdrawal to these
myeloid cells. Additionally, going forward it will be interesting to examine how macrophage
or microglia affect drinking behaviors and EtOH seeking in mice. MaFIA mice express a
unique receptor on all myeloid lineage cells that allow for inducible apoptosis of macrophages
when cells are exposed to the inert compound AP20187. This drug is polar and therefore does
not readily cross the BBB. Therefore, this drug could be used to knock down peripheral blood
monocytes and macrophages, and the effects of a knock-down of these cells could be used to
investigate their role in AUD. This drug is currently being synthesized at BYU. Along with
MaFIA mice, other drugs that inhibit colony-stimulating factor 1 receptor (CSF1R) can be
used to knock down tissue macrophages and brain microglia. A mixture of these two tools
could be used to examine the role of these multifaceted immune cells.
Going forward, an understanding of EtOH’s effects on the innate immune system will help
us to better tailor treatments to AUD patients. Microglia and MDM represent a unique and
interesting target of potential therapies. Human monoclonal antibodies are already in use to
block the effects of other immunological diseases and could potentially be adapted to regulate
EtOH-induced neuroimmune activation. In addition, other immunosuppressant drugs such as
the antibiotic minocycline inhibit myeloid function and could potentially be used to block
these EtOH effects. Finally, monocytes that express DA D2Rs could be activated by
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circulating DA levels during ethanol administration, which may provide a signal for increased
or decreased infiltration of the CNS. An understanding of the brain’s innate immune system
could contribute to a better understanding of patients and future treatments for AUD.
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